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ABSTRACT
The Deployable Space Telescope (DST), being developed at the Delft University of Technology, aims to drastically
reduce volume and mass by using innovative deployable optics. The DST overall systems design is driven by a strict
bottom-up versus top-down systems engineering approach. One of the critical subsystems is the secondary mirror
(M2) support: its position must be accurate to 10 µm and stable to sub-micron levels. To support this critical budget
the development and testing of the first key DST hardware comprises a machined COmpliant Rolling Element
(CORE) hinge design. The main benefit of the hinge is its very low hysteresis, which will translate to good
deployment repeatability and eliminate micro dynamic instabilities. The hysteresis was tested experimentally by a
technique called Digital Image Correlation (DIC), which was proven to have resolutions down to 100 nm. Different
strip configurations were applied to investigate the empirical optimisation of the hinge. The maximum hysteresis
found was 0.3 µm with load cycles up to 400 N.
.
In order to achieve a system which can achieve high
image quality, there is therefore the need for a structure
which can deploy with high degrees of repeatability and
remain stable against in-orbit perturbations. Low
hysteretic responses of mechanical joints have been
identified as a key factor in achieving high
repeatability. 1

INTRODUCTION
The achievable resolution of space-based optical
systems can be dramatically increased through the use
of deployable optics. The ability to fold optical
elements into a compact shape and then deploy them in
orbit can produce large apertures and focal lengths
which can be launched without the need for large
launchers. The resulting deployable optics systems will
be lighter, smaller and perform to the same or higher
specifications, opening up the possibility for higher
temporal resolutions in Earth Observation through the
production of many small systems to be deployed with
a single launch. At the department of Space
Engineering in the Delft University of Technology,
such a Deployable Space Telescope (DST) is being
developed.

DST SYSTEM ARCHITECTURE
The DST is a three mirror anastigmat telescope with a
segmented, deployable primary mirror (M1). M1 is
mounted on an active optics mechanism which controls
three degrees of freedom (piston, tip and tilt) per
segment. The secondary mirror is placed on a
deployable platform powered by four slotted hinges cut
out from the booms which make up its support
structure. The tertiary mirror is a regular passive mirror,
whilst the exit pupil of the system includes a
deformable mirror which can correct for additional
wave front aberrations. The optical system can be
visualized in Figure 1. The telescope is meant to be
diffraction limited at a 500 nm wavelength, providing
Earth Observation capabilities when not in eclipse. The
baseline mission is meant to provide a 25 cm ground
sampling distance from a 550 km altitude.

These new capabilities, however, require the solution of
several thermo-mechanical challenges which make the
design of these systems comparatively more complex.
From a systems engineering perspective, the
fundamental trade-off of deployable optics is the
reduction of launch mass and volume for control
complexity. In order to successfully image at the
diffraction limit, the mirrors of the telescope must be
placed within very strict tolerances to keep the quality
of the wavefront intact. This can be achieved by
actively aligning the mirrors to specification, which can
be done with purely optical feedback control, provided
the difference between the datum and the real position
is small enough
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are imperfect due to manufacturing limitations, but the
deviation between them is small enough that their effect
becomes "elastically averaged", provided there are
enough contact points in the connection4. This approach
however introduces a large degree of over constraint in
the joint which complicates manufacturing and precise
modelling of the behavior. The contact friction between
the bearings and the axis is also a potential source of
micro dynamic instability. The CORE hinge, or XR type
hinge 5 does not rely on the principle of elastic
averaging. These hinges have been proposed for use in
the medical industry, but to the knowledge of the
authors, not in space applications.
The CORE hinge is composed of two cylindrical cams
which roll without slipping on each other. The cams are
kept in contact by means of preloaded flexures which
run between them over the surface of the cams.
Depending on the implementation, the flexures can be
bent over the contact lines between the cylinders, or in
carved sections between them. The instant center of
rotation lies at the contact point between both cams.
This design eliminates friction losses and is simpler to
integrate, which should increase the achievable
repeatability and stability of the deployment assembly.
The cylindrical cams are mostly hollow in order to save
weight, with three threaded holes in the inner part of the
piece to allow integration with other components.

Figure 1 Ray-trace schematic of the DST's optics.
In addition to the main optical surface and their support
structures, there is also a need for a deployable baffle
with a dual purpose. Firstly to reduce the amount of
light coming from outside the field of view, in order to
improve the achievable Signal-to-noise ratio. Secondly,
to act as a sunshield which keeps temperatures stable
along the orbit.
Deployable secondary mirror
The current baseline for the DST intends to implement
a deployable secondary mirror mounted on a hexapod
which exactly constrains it to its spider. The spider is in
turn held by four booms with a slotted mid hinge which
is in charge of powering its deployment sequence. Such
tape spring hinges have been described by
Mallikarachchi and Pellegrino 2. The connection of
these self-deployable booms to the spider and the
instrument main housing requires a joint which adds to
the total misalignment budget. The allowable
misalignment budgets 3 for this mirror are presented in
Table 1.

In order to provide a neutral stability for every position
over the rolling trajectory, a necessary condition is for
the flexures to not yield. In case of yielding, the hinge
does develop a neutral point to which it returns if rolled
out of its original state. The maximum stress on the
flexures can be approximated as
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Where P is the preload of the flexures, E the material’s
Young’s modulus, R the radius of curvature, w the
flexure width and t the flexure width. Note the flexure
thickness appears in both of the terms in equation 1
with opposing effects of either increasing or decreasing
the magnitude of its contribution to the total stress.
Keeping the maximum stress below the yielding point
of the material defines the flexure design space. Larger
preloads are desirable in order to extend the load
carrying capacity of the hinge.

Table 1 Misalignment budget for M2
Coordinate

=

Other limitations of the concept are the possibility of
cold welding between the different components of the
hinge, and limited load carrying capacity in the
direction along the contact line. Both issues are
implementation-specific and can be addressed at system
level, or mitigated through careful design of the
implementation.

The secondary mirror is a fully passive system without
actuated degrees of freedom
CORE HINGE DESIGN
Typical precision hinges rely on an axis of rotation
supported by several preloaded bearings. The bearings
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A6 first iteration of the hinge was rapidly prototyped
with an additive manufacturing technique and scrap
metal strips, in order to identify the main problems with
the first mechanical design. This prototype indeed
highlighted the critical manufacturing tolerances and
the fine balance between applied pre-load and bending
radius. The plastic prototype was also tested in a tensile
bench in order to assist the design of the required
clamps, but the results are not significant due to the
poor material properties. After this stage, a new
prototype made out of Al7075 was manufactured. An
exploded view of this prototype can be seen in Figure 2.

bolted to rigid clamps which are in turn bolted to the
machine. A compliant element is added between the
workpiece and the clamps in order to prevent lateral
sliding.
A Digital Image Correlation (DIC) technique was used
to measure the displacements. DIC is an optical
measurement scheme in which a random pattern is
imprinted on the surface of the workpiece. The pattern
is tracked by two high resolution cameras and
processed in a personal computer. The cameras are
mounted in an insulated platform to eliminate
vibrations from the floor. DIC allows to define virtual
stain gauges by selecting different sections of the
pattern to be tracked with the cameras. The distance
between the centers of the section defines the length of
the virtual gauge and the sizes determine the noise of
the measurements. These parameters were chosen via
trial and error until the noise was minimized with
acceptable resolution. The DIC setup with the dummy
hinge prototype is shown in Figure 3.

Figure 2 CORE hinge components
The materials available for the flexures were stainless
steel and grade 1 titanium, as presented by Voorn 7. The
main criteria for these elements are low coefficient of
thermal expansion and high yield strength.
HYSTERESIS TESTS
Hysteretic response of previous joints

Figure 3 CORE hinge test setup

Hysteresis in mechanical joints and materials can be
defined as the energy loss observed when cyclic loading
is applied. This can be characterized by the total energy
contained in the load-displacement diagram between
the loading and unloading paths, compared to the
energy below the nominal or linear load-displacement
diagram.

Data was treated using a second order Butterworth
filter with a cutoff frequency of a 0.03 Hz, after
inspection of the first results in the frequency domain
revealed there were no significant spectral components
above that frequency.

Test setup

A dummy test with a solid rod of aluminum was used to
validate the set up. This rod was tested with a 1000 N
cycle in order to validate the setup. Two conditioning
cycles, used to avoid any settling of the system, are left
out before taking measurements for three cycles. Figure
4 shows the raw displacements and the filtered data.

Dummy tests

The joint was tested with a tensile test machine
equipped with a load cell. There was no available
tension-compression machine, so tests were performed
with a pure tension cycle. Also, the load cell used to
measure the load was not able to measure loads below
50 N with less than 1% error. Therefore, all load cycles
use this value as a minimum, and it is not possible to
evaluate the behavior under compression. The hinge is

The chaotic response at the start of the measurement
was attributed to a settling time of the system, which
amplified the noise for the first measurement cycle.
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This was reduced in subsequent experiments by tuning
the size and separation of the virtual strain gauges.

Hinge loading test
The hinge was placed under the same conditions as the
dummy. However the hinge has two stages in its tensile
behavior as shown in Figure 6, namely before and after
the flexure preload is overcome by the tensile bench.
Additional loads after that point are carried solely by
the flexures.

Figure 4 Time domain displacement results of the
dummy test.
However, the level of resolution at very small
displacement resulted in noisy results anyhow. This is
because the solid rod is much stiffer than the real test
specimen. Other tests were performed at different load
application speed to test whether dynamic differences
affected the test. The results for a 1000 N load cycle
test with different load speeds are shown in Figure 5.
The results show the expected linear displacement,
albeit with considerable noise.

Figure 5 Force-displacement
aluminum rod tensile test.

diagram

of

Figure 6 Force-Displacement behaviour of the
CORE hinge with 400 N load cycles and different
loading speeds.
This behavior is presented in this paper for the sake of
completeness, however in this region it is very easy that
the flexures’ stress state ceases to be elastic. In
operational conditions, the preload should be such that
this never happens. A test with 200 N cycles, which is
indeed representative of expected operational
conditions, is shown in Figure 7. In order to quantify
the hysteresis in these conditions, a polynomial fit of
the data collected over the loading and unloading cycles
was made. Note this fit is not perfectly linear in small
displacements, but it is repeatable. The fitted curve is
used to calculate the normalized hysteresis curve shown
in Figure 8.

an

The results showed that DIC cannot directly provide the
resolution required for these measurements without a
statistical correction for the noise. However the
objective of this test campaign is quantifying the
present hysteresis, and for that, the noise present in the
loading and unloading sections of the cycle could be
filtered.
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Figure 7 Force-displacement behavior of the CORE
hinge with 200 N load cycles.

Figure 9 Force-Displacement graph comparing 3
cycles and 30 cycles.

Figure 8 Normalized hysteresis for several load
cycles.

Figure 10 Normalized hysteresis comparison with 3
and 30 cycles.

Separation indeed violates the assumptions in the
aforementioned polynomial fit and therefore yields
meaningless values of hysteresis. For the 200 N load
cycle, hysteresis is in the order of 0.2%.

Finally, different preloads were used to assess their
effect on the hysteresis. The expectation is that for as
long as the flexures do not yield, the hinge will be able
to sustain larger loads without separation of the cams.
Preload to the hinge is applied through a torque wrench,
so the total torque applied is the control parameter in
this analysis. The results of normalized hysteresis for
400 N cycles are plotted in Figure 11 for 1.5, 2 and 2.5
Nm preloads. 1.5 Nm is the base preload used for
previous experiments. As expected, for this preload, the
cams separate and the hysteresis calculation is rendered
invalid. For the 2 and 2.5 preloads, the hysteresis
remains small, although it becomes negative for the 2.5
Nm preload. This was attributed to insufficient cycle
sampling which makes the filtering not effective. The
order of magnitude of the hysteresis however was
deemed a reasonable estimation, though this will need
to be confirmed. Another possibility is premature
yielding of the cams can bias the interpolation curve
used for the hysteresis calculation.

Repeatability of these result was tested by increasing
the amount of cycles in light of the results for the
dummy test. The test was repeated with 30 cycles and
the results are shown in Figure 9 and Figure 10. The
results are generally consistent, but hysteresis does
increase significantly.
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The nodes in this model coincide with the points where
thermocouples were installed during the thermal test.
The parameters of this model were chosen by fitting the
experimental results of the test to the behavior of the
model. The model is therefore purely empirical and
cannot directly account for changes in materials or
geometry.
Test setup

Figure 11
preloads.

Normalized

hysteresis

for

The hinge was installed within an oven in which hot air
can be blown. In one of the tests, the hinge was hanged
using threads in order to eliminate the influence of the
mounts, and shielded by a blanket in order to limit
convection . In other tests, the tensile test was carried
out within the oven. It was not possible to do thermal
vacuum testing with the available facilities. The
ambient temperature inside the oven and on several
points across the hinge was constantly measured. The
oven was heated up to a certain temperature and then
turned off to eliminate the effect of forced convection
in the heat transfer. In order to simulate temperature
differences between the cams, in some tests they were
heated and then insulated with a mixture of aluminum
wool and insulating foam.

several

THERMAL BEHAVIOR TESTING
The thermal behavior of the CORE hinge is important
because it is exposed to large thermal fluxes in the DST
baseline. Thermal expansion of the hinge is one of the
factors affecting the ultimate misalignment budget of
the telescope. In addition, thermal snapping of the
contact interfaces can also affect the stability of the
secondary mirror.

Results
A typical temperature field of the unmounted thermal
test is shown in Figure 13.

A simple thermal network model was proposed to
calculate the temperature field of the hinge. This model
is illustrated in Figure 12.

Figure 13 Thermal results of the CORE hinge with
an insulated cam.
The model is able to successfully track the temperatures
once its parameters have been adjusted. An example of
the results of such model is shown in Figure 14. The
error is shown here to be less than half a kelvin.
Figure 12 Thermal network for the CORE hinge
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Figure 14 Predicted and experimental temperatures
with the proposed thermal model.

Figure 15 Force-displacement graphs for different
testing temperatures.

The mechanical tests were also performed under
different temperature conditions. One of the dominant
effects expected is that as temperature rises, the
effective preload on the flexures should increase. This
is due to the coefficient of thermal expansion of the
flexures being smaller than that of the cams. The
opposite effect is also true. The test is also meant to
show if there is a wider temperature-dependence of the
total hysteresis, as this has not been reported on in the
literature to the best of the authors’ knowledge.

CONCLUSIONS
The CORE hinge has demonstrated so far to be a viable
concept for reliable deployment of optics in space. The
hinge presents very low hysteretic response in the order
of 0.5 micron, rolls without any slippage and is of
simple construction. However, some challenges remain
regarding its behavior when exposed to heat fluxes and
vacuum. In addition, DIC has been proven as a suitable
tool to quantify hysteresis on very small scales. A
simple empirical thermal model has been developed
with good capability to quantify the heat fluxes within
the hinge. The development will continue with thermal
vacuum and slippage tests to assess the true impact of
the concept on the system level budgets.

The procedure was to let the temperature of the furnace
stabilize before initializing the measurements. The
results show indeed the expected increase of preload
with increasing temperature, shown by the lack of
separation as temperature increase. These results are
shown in Figure 15. However, this figure also shows a
negative slope of the force-displacement relation for the
highest temperatures.
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These results were not expected and it is presently
unaccounted for. Another concern which was raised
during development of the hinge is a potential loss of
preload related to temperature if the strips are allowed
to slack. This does not happen for the current situation,
but could potentially happen if the difference in thermal
expansions becomes larger as a result of different
material choice. A solution then could be to add a
compliant section in series with one of the flexures, in
order to release one degree of over constraint. How this
would affect the maximum applicable preload remains
to be seen.
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